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ABSTRACT
Lassise, R, Michael, M. A., June 12, 1977. Physics
Stopping Power of Thin Solid Targets for Internal Conversion 
Electrons in the Energy Interval 100-1000 keV (49 pp.)
Director; L. E. Porter
The stopping powers of several materials of low atomic number 
for electrons with energies between 100 and 1000 keV have been 
measured. Targets comprised five plastics with average atomic 
number between 2.5 and 8.0, and aluminum. Monoergic projectiles 
were obtained from the radioactive sources of ^^^Ce, ^^^Sn, ^^^Cs, 
and ^°^Bi. Energy losses were determined by means of a beta-ray 
spectrometer. Measured stopping powers were compared with predictions 
of Bethe-Bloch theory. Whereas the experimental values of stopping 
power generally were consistent with theoretical predictions, 
measurements lay always below the Bethe-Bloch curve in the case 
of the target with lowest atomic number and in cases of foils so 
thin that energy losses were less than one-fifth of the incident 
electron energy. However, the present measurements were quite 
consistent with those of previous experiments in the case of all 
but two target materials, for which no data was found in the lit­
erature.
XI
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CHAPTER I 
INTRODUCTION
In many aspects of physics it is necessary to know how 
particles interact with each other. On a macroscopic scale one 
often deals with the subject of stopping power in order to ascertain 
how much energy is lost by particles traversing a given material.
In the present study the stopping power of various thin solid 
targets for beta-rays (electrons) having incident energies between 
100 and 1000 keV has been investigated.
Theoretical stopping power calculations for electrons can be 
done with the Bethe-Bloch (1933) formula. However, this initial 
formulation was modified by Halpern and Hall (1948), who intro­
duced the density effect correction, which deals with the density 
and polarizability of the target. Another improvement came from 
Rohrlich and Carlson (1954) , who extended the Bethe-Bloch formalism 
to include the positron and also combined all the effects together 
into one comprehensive formula. The Rohrlich-Carlson version of the 
Bethe-Bloch formula is used in this paper.
In a recent review by Berger and Seltzer (1967) of the stop­
ping power of matter for beta-rays, it was pointed out that 
although theory was deemed reliable, experimental results were
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
limited. Garber, £t (1971) made a study of aluminum targets
for incident energies ranging from 1-4000 eV and found their results 
consistent with theory. For energies above 1.5 MeV, the study by 
Westermark (1961) is an example. He dealt with 2.8 MeV electrons 
incident on targets of low atomic number, including lithium, 
beryllium, carbon, aluminum, sodium, potassium, silicon, lithium- 
hydroxide, water, heavy water, benzene, toluene, heptane, and 
methanol. Westermark (1961) compared his results to theoretical 
calculations by A. Nelms (1958) and found complete agreement with 
theory. In a study by Kara (1968) the energy interval investigated 
fell between the energy intervals mentioned above. He investigated 
aluminum targets with incident electron energies ranging from 600 
to 1200 keV, His stopping power data was within 10% of that pre­
dicted by Bethe-Bloch theory. Kalil, ejt (1959) studied very 
thin aluminum targets in the energy interval 12-12 7 keV in order 
to measure stopping power with a calorimetric technique. They 
found their results to be remarkably consistent with predictions 
of Bethe-Bloch theory. Other reports of measurements in the 
interval of 300-1000 keV have been made by Mdieen, et al. (1974), 
Dodd, e_t (1976), and Otten, e_t (1976). Porter (1974) 
studied the feasibility of the experiment used in this investigation. 
McKeen, ejt (1974) studied some targets of biological interest 
at only two energies. Dodd, ^  _al. (1976) and Otten, et al. (1976) 
investigated some low-Z plastic targets with incident electron
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
energies of 364, 624, and 976 keV, which correspond to internal 
conversion electrons from radioisotopes ^^^Sn, ^°^Bi,
respectively. Although they took only three data points for each 
target, these limited measurements showed a tendency toward stop­
ping powers larger than those predicted by theory.
The present investigation encompassed the targets of aluminum, 
a metal, and Mylar®, Kap ton ®, Hercules N600 ® ,  Trycite®, and
(K)Teflon , which are plastics, in the electron energy interval 
100-1000 keV. The data gathered overlaps with that in previously 
mentioned works (Dodd, ejt , 1976 and Otten, et , 1976) for
aluminum. Mylar ®, Kapton and Hercules N600 ®  But in all
cases the energy interval was extended and more data were gathered 
for each target material. Teflon ®  and Trycite ®  had not been 
investigated at all in the interval 100-1000 keV prior to this 
study. After the data was acquired, it was compared against theo­
retical computations based on the Bethe-Bloch formula. A computer 
code was devised for this purpose (see App. I). Other workers 
have also performed similar computations : Berger and Seltzer (1967), 
L. V. Spencer (1955), and A. Nelms (1956 and 1958). All four of 
these calculations use the same Bethe- Bloch formulation but dif­
ferent values of the mean excitation energy, which is the only 
major parameter of the formulation independent of projectile energy.
The experimental setup was the same as described by McKeen, 
ejt al. (1974). The calculations used to reduce the experimental 
data were accomplished using a method set forth by Bichsel (1972)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
with modifications and some original calculations by the author 
(Porter, 1976), All measurements and calculations were performed 
by the author.
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CHAPTER II
EXPERIMENTAL METHOD
This particular experiment was divided into two parts : 
measurement of the target areal density and measurement of the 
energy loss. The parts are separate and distinct but together 
they constituted the experimental procedure.
The areal density was ascertained by measuring the area of 
a specific target material sample and then weighing the sample.
Then the areal density was obtained by dividing the mass by the
2area, with resulting units of gm/cm . Although the general method 
was simple, different sets of equipment were used to ascertain the 
areal density. The reason for use of these different methods was 
that as the experiment progressed, equipment capable of greater 
accuracy was deemed necessary and therefore was located and utilized.
The areal density for aluminum targets was found in the 
following manner. Circular targets the size of the target holders 
(-2 cm. diameter) were cut out using a cork borer. The target's 
diameter was then measured on a travelling microscope ifhile 
making sure that the measurement was of the full diameter, by 
utilizing different orientations of the target. The travelling 
microscope could be read to 10” ^ cm. Three independent measure-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ments were made and the average of the three was taken. Also care 
was taken not to produce errors by slack in the screw of the trav­
elling microscope (i.e., backlash). The mass was ascertained by 
using an analytical balance whose reproducibility was within 1  mgm. 
Care was taken to balance the instrument before use and to check it 
after the measurement was made. Again three independent measurements 
were made and then averaged. The maximum uncertainty in areal density 
for the aluminum was 3%. Later in the experiment a thinner foil of
aluminum was found and it was measured in much the same way as above
except that an electrobalance could be read with a reproducibility 
of 10“^ gm. The uncertainty of measurement was reduced to 1%. After 
measuring the areal density the target was mounted on the target 
holder and held in place by glue. Care was taken not to get glue on 
the surface to be exposed to the radioactive source. Gloves were 
worn to keep oil from the fingers from becoming part of the target.
If glue or oil got on a target, the target was discarded and the whole 
process was started again. Another factor to be considered was the 
flatness of the target. This property was ensured by putting a glass 
plate on the target while the glue was drying. This method worked
well for the aluminum target.
The method of measuring areal density of the rest of the targets 
differed from the method used for the thicker aluminum targets. The 
method was similar to that used for the thinner foil of aluminum in 
which a travelling microscope and an electrobalance were utilized. A 
difference was that square rather than circular pieces of the material
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
were cut out and measured. After the areal density had been deter­
mined, circular targets were cut from the material and mounted as 
was the aluminum. Toward the end of the experiment thinner targets 
for Mylar ®  and K a p t o n ®  were needed; their areas were found using 
a microconçiarator which could be read to 10“^ cm. Therefore the 
uncertainties in areal density for these materials will be divided 
into the categories, "normal" for the travelling microscope and 
"thin" for the microcomparator. For Mylar ®  the largest uncertainties 
incurred were, for normal, < .01% and for the thin, .8 %. For K a p t o n ®
the normal's maximum uncertainty was < .0 1 % and the thin's maximum 
uncertainty .08%. For Hercules N600 ®  and T e f l o n ®  , the maximum 
uncertainty w a s < .01%. The Trycite's ® m a x i m u m  uncertainty in
measurement was 1.3%. The flatness of the mounted targets was good 
except for Trycite ® . Trycite's ®  flatness worsened as the thickness 
was increased. Discussion of this problem will be conducted in the 
Analysis and Results Section.
Measurement of energy loss was carried out using a beta-ray 
spectrometer. Attached to the beta-ray spectrometer were the following 
pieces of equipment for control and measurement. A  well-regulated 
D. C. power supply with a maximum current of 1.5 amps was used to control 
the current to the magnet of the beta-ray spectrometer. The current 
was measured on an ammeter which could be read to .002 amps. The 
scale extended from 0 to 1.5 amps. For counting events from the 
radioactive sources a Geiger-Muller tube connected to a scaler was used. 
To find how many events happened in a specific amount of time, a chrono­
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
meter which read to .1 sec was used. Evacuation of the chamber in 
the beta-ray spectrometer was achieved with a pump which reduced the 
pressure of the chamber to about 10“ ^ mm Hg. Figure 1 gives a block 
diagram of the equipment setup. Inside the chamber a slit was placed 
to provide resolution in energy. Two different slits were used:
Slit #1 and Slit #2. Slit #1 provided an energy resolution of 6 % and 
Slit #2 a resolution of 4% (see Figure 2). After each run the beta- 
ray spectrometer was degaussed in order to rid the magnet of residual 
magnetism.
To measure energy loss with this technique one must have and
know a specific initial energy. This end was accomplished by the use
of internal conversion electrons from radioactive sources whose act­
ivities were 10 microcuries. The sources were ^^^Sn, ^^^Ce, ^^’C s ,
and For the corresponding energies see Table I.
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TABLE I
ENERGIES FOR RADIOACTIVE SOURCES 
Sources Energy (keV)
(Cerium) 126
(Cerium) 159
(Tin) 364
(Cesium) 624
2 0 7gi (Bismuth) 976
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CHAPTER III
THEORY
The well-known Bethe-Bloch formula for electrons is based 
on the assumption that the collision of the incident electron and 
the target is a relativistic free electron-free electron collision 
which evinces the Miller cross section. In this case, the maximum 
energy transfer is 1 / 2  since electrons are indistinguishable from 
each other. The results of the derivation of Rohrlich and Carlson 
(1954) are as follows. For a certain minimum relative energy transfer, 
e^, where greatly exceeds the ionization potential of the material, 
t:he average energy loss per atom due to collision is 
^1 / 2
ZT . ( i )  dc . z x f i n ^  + +  1
I T  '
where 7, = atomic number of the target,
^  = Mtiller differential cross section, i.e.,de
É2  = X _ 1 _  ^ ... 1 ....+  _ J l i i   ]
^  ̂ y  ̂ 2e(l_e) ^
27Tr^mc^ V . 2  ̂ ,«-26 2~K  where 3 =   and r = 7.94030 x 10 cmgZ c
Y = — r for m' the relativistic mass and m the rest mass of the m
electron,
11
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2T = kinetic energy of the incident electron = (y-l)mc , 
mc^ = rest mass energy of the electron = 510.956 keV, and
e = energy transfer  a dimensionless quantity given in
units of T.
In obtaining the above solution it is assumed that is much less
2than 1 so all and higher order terms are dropped. For the low 
energy transfer (c < where the incident energy is near the
ionization potential, one has
f e i  2 T &  ( Y + 1 )
ztJ eCjl) de . zxlln ij------
where I is the mean excitation energy. This integral solution comes 
from an explicit summation over the various excitation probabilities 
of the atoms of the material since the free electron-free electron 
collision assumption no longer holds. Now the average collision loss 
per unit path length for N atoms becomes
-[g]" = NZx[ln- - - p - L  + f-(Y)]ÜX 2 1 ^
where f~ (y) = 1  - B - In 2 + — [-^ ^ ]y': 8 Y
This equation arises from the addition of the above two solutions 
of the above integrals. For the positron aspect of the theory the 
assurrptions are the same except that the maximum energy transfer 
is now 1  rather than 1 / 2  and the cross section used becomes the 
Bhabha cross section. Following the same procedure as for the electron.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the Bethe-Bloch formula becomes
= NZx [In + f-(Y)]
dx 2 i 2
2
where = 2 In 2 --- + — —  +  — -—  ].
Y+1 (y +1) (Y+1)
The formulae above only take into account the collision aspect of the 
theory, which is the predominant effect. Other effects are the Brem- 
strahlung effect and the density effect. The Bremstrahlung or radia­
tion effect below 2 MeV has been calculated by Berger and Seltzer (1967) 
to be less than 1%, and therefore negligible for our purpose. A 
derivation of the magnitude of this effect can be found in Bethe and 
Ashkin (1953). The density effect, which is due to polarizability and 
density of the target material, is small but not negligible. The density 
effect, first proposed by Fermi (1940) and later incorporated into Bethe- 
Bloch theory by H a l p e m  and Hall (1948) , must therefore be put into the 
formula for stopping power as follows,
.2dE = NZx [In + f± (y ) “5 ]dx 2 1 2
where 6 = density effect correction. Sternheimer (1956) has carried out 
extensive studies of the density effect by considering the oscillator 
strengths for the various materials. Sterhnheimer's formulae for the 
density effect correction are
6 = 4.606 X+ C+ A*(X1-X)" when XO < X <  XI 
Ô = 4.606 X+C when X > XI
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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where X = log,^(p/mc) = .21715 In [---   ]. Here p is the momentum
(1-6)2
of the Incident particle, and A*, n, C, XI, XO are constants which
have been evaluated for a given material. The constants are cal­
culated from a knowledge of the oscillator strengths of the substance,
which implies that these constants are linked to the mean excitation 
energy.
The mean excitation energy is known if the oscillator strengths 
are known. However, for substances nmre complicated than hydrogen or 
helium the oscillator strengths are not well known. Therefore the 
mean excitation energy is usually found experimentally from massive 
projectile stopping power and range studies. Some of the values of 
mean excitation energy used in this study came from the deuteron and 
alpha particle investigation of Shepard and Porter (1975). When the 
mean excitation energy of a substance could not be obtained from such 
experimental studies, the mean excitation energy was calculated using 
Bragg's rule for the additivity of stopping effects.
In Ig = En^ In I^/EnjL Z^ , 
i i
where the index i refers to the i^^ constituent and n^ is the atomic 
concentration of the i^^ constituent (Porter, 1975). The composition 
of Hercules N600 ®  , Kapton ®  , M y l a r ®  , Trycite®, and T e f l o n ®  
must be known in order to calculate the theoretical stopping power.
The makeup of Hercules N 6 0 0 ®  , a polypropylene homopolymer, is C^H^. 
K a p t o n ®  , a polyiraide made by a condensation reaction between a poly- 
amic acid and aromatic amine, consists of 22 C, 10 H, 2 N, and 5 0.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Mylar , a polyester film, is a polyethylene terephthalate consist­
ing of Trycite ®  is a polystyrene composed CH. Teflon ®
is composed of CgF^. The dispersion of values for the mean excit­
ation energy found in the literature can be quite large. For example, 
the mean excitation energy for aluminum used in this investigation 
was 162.5 eV, which agrees with that used by Berger and Seltzer 
(1967) and A. Nelms (1958). However, in earlier studies L. V.
Spencer (1955) and A. Nelms (1956) cited 150 eV as the correct 
value. In a review of then current problems in stopping power 
Fano (1967) listed the uncertainty of mean excitation energy 
values as a major source of concern. Therefore, when comparing 
theory and experimental data the choice of mean excitation energy 
for inclusion in Bethe-Bloch calculations is very important. The 
values chosen for Mylar ®  and T e f l o n ®  were based on measurements 
by Shepard and Porter (1975). The value of I adopted for aluminum 
was that of Bichsel (1972). The mean excitation energy of Trycite ̂  
was that derived from yet unpublished measurements of stopping 
power for protons (Porter, 1977). Since no experiment-based values 
of I were available for Hercules N600 ®  and Kapton®, the values 
used were those obtained from Bragg's rule of additivity, but 
increased by 1 0 % to reflect the general trend in observed departures 
from Bragg's rule by low-Z target materials (Shepard and Porter, 1975) 
The constituent mean excitation energies employed in the Bragg's 
rule calculation were those of Fano (1963). Table II gives a listing 
of I, along with average atomic number (Z) and average atomic weight
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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(A), for various target materials and Table III gives calculated 
Bethe-Bloch stopping power as obtained from the computer code 
(see App. I).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE II
VALUES FOR THE TARGETS
17
Targets I (eV) Z A
Hercules N600 ® 26. 8 2.667 4.676
Trycite ® 71.1 3.500 6.509
Mylar ® 81.0 4.540 8.740
Kapton ® 83.9 5.026 9.804
Teflon ® 119.6 8 . 0 0 0 16.670
Aluminum 162.5 13.000 26.984
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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TABLE III
CALCULATED STOPPING POWER IN MeV-CM^/CM
Incident 
Energy (MeV)
Hercules
N60(# Trycite Mylai^ Kapton® Teflon® Aluminum
.050 7.77 6 . 38 6.04 5.93 5.24 5.06
. 1 0 0 4. 82 4.01 3.80 3. 74 3.23 3.19
.150 3. 79 3.17 3.01 2.96 2.64 2.53
. 2 0 0 3.26 2. 74 2.61 2.56 2.29 2.19
.250 2.95 2.49 2.37 2.33 2.08 1.99
. 300 2. 75 2. 32 2 . 2 1 2.17 1.94 1.85
.350 2.60 2 . 2 1 2 . 1 0 2.05 1.85 1.76
. 400 2. 50 2 . 1 2 2 . 0 2 1.98 1.78 1.69
.450 2.42 2.06 1.96 1.93 1.73 1.64
.500 2.36 2 . 0 1 1.91 1 . 8 8 1. 69 1.60
.550 2.31 1.97 1 . 8 8 1.85 1 . 6 6 1.57
. 600 2.28 1.94 1.85 1.82 1 . 64 1.55
.650 2.25 1.92 1. 83 1.80 1.62 1.53
. 700 2 . 2 2 1.90 1.81 1. 78 1.60 1.52
. 750 2 . 2 0 1.89 1.80 1.77 1.59 1.51
.800 2.19 1.87 1.79 1.76 1.58 1.50
. 850 2.18 . 1 . 8 6 1. 78 1. 75 1.57 1.49
.900 2.17 1 . 8 6 1.77 1. 74 1.57 1.48
.950 2.16 1.85 1.76 1.73 1.56 1.48
1 . 0 0 0 2.15 1.84 1.76 1.73 1.56 1.47
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CHAPTER IV 
DATA ACQUISITION
The energy loss data for this experiment were taken from 
graphs (spectra) obtained with a specific target in place or with 
no target at all, and a given source. On these graphs counting 
rate was plotted against magnet current. At a particular current 
the scaler counter was allowed to run for a minimum of three min­
utes. The counter was then stopped and its reading was divided by 
the time elapsed and then plotted on the graph for the appropriate 
magnet current. After the spectrum was completed it was noted 
that a peak existed. This peak corresponded to a certain electron 
energy, but magnet current determined the magnetic field which 
measures the electron momentum. Therefore a conversion from a 
momentum spectrum to an energy spectrum was necessary, since stop­
ping power is obtained from the average energy loss and target 
areal density. Then a centroid calculation was made, using a com­
puter code (see App. I), taking into account the beginning and end 
of the peak and the background radiation level of the source.
Since the choices of beginning and end of a peak were only most 
probable choices a check was made as described in the Analysis and 
Results Section. The source energies must be known in order to 
calculate the stopping powers. The source energies were obtained
19
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from Table 8-1 in the A.I.P. Handbook (D. Goldman, 1972) and the 
CRC Handbook (Bearden and Burr, 1969). The A. I.P. Handbook (Goldman, 
1972) provided total energies. The CRC Handbook (Bearden and Burr, 
1969) provided the binding energies.
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CHAPTER V 
CALCULATIONS
In the reduction of experimental data several sequential 
calculations were necessary. The first calculation was that of 
the areal density of the target material which required division 
of the target mass by its area. Second, it was necessary to ob­
tain the average electron energy by centroid calculation for the
electron energy spectrum. For a derivation of the relationship 
between momentum and energy spectra see Appendix II. The cent­
roid is characterized by a value of the relativistic parameter,
W = T/mc^, corresponding to the centroid, w. On the peaks begin­
ning and end they were picked at the points deemed to be the most
probable locations. Once a centroid value, w, was found the aver­
age energy was determinded by multiplying w by 510.956 keV. Third, 
this energy was subtracted from the known enery of the radioactive 
source to obtain the energy loss, AT. Fourth, the stopping power 
was calculated by dividing the energy loss by the areal density.
The calculation to this point has assumed that the electron 
travels in a straight line while traversing the target, when in 
fact the electron travels a very tortuous path. The source of this 
effect is the multiple scattering of the electron while traversing 
the target material. Therefore a "Path Length Rectification" fac­
tor (PLR) was applied to the stopping power. The derivation by
2 1
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Garber, ^  (1971) is given in Appendix II, PLR is given by
ÂPLR = 1 +
where _  2ttN pt^r^zCZ+l) 2 ,. 7 %
where A = ----    [In [— -7 ------ — -7 I + In .1.76 -
g 2
(1 + — )]»
t = thickness of target,
= Avogadro’s number 
p = density of target 
Z = atomic number of the target, and 
r2 = 7.94030 x 10“26
One additional calculation was that of T q . T is the energyc
at which stopping power is evaluated. represents the energy of
the source less half the energy loss in target traversal.
In every experiment uncertainties must be considered. The 
overall uncertainty in stopping power was
As _ r / _Am/A_\ 2 / A.(AT)_ \2 ^ / APLR \ 2 il/2
S  ̂ m / A ^  ' ' A T   ̂ '' PLR  ̂ ^
with the dominant error coming from the AT term.
In Appendix III a sample calculation is given for an alum­
inum target and a tin source (^^^Sn).
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CHAPTER VI 
ANALYSIS AND RESULTS
When one views the plots of the experimental data with the 
theoretical curve overlaid an extremely good average fit is achieved 
(see Fig. 5-A to F). For every target, however, anomalous data 
points occur. These points seem to correlate with energy losses of
less than 20% of the source energy (see Table IV-A to F). This
correlation holds at the high energy end of the interval since 
all measurements lie below theoretical calculations and all of the 
energy losses less than 20% of the source energy. Hercules N600 ®  
seemed to have all its measurements lying below the theoretical curve. 
However, data points with energy losses greater than 20% are within 
a standard deviation of the curve. The aluminum data obtained in the 
present study filled the gap between the Hara (1968) data and the Kalil,
et al. (1959) data, and was in agreement with the findings of both
investigators. This corroboration leads one to believe that the results 
of the present study are valid. The data acquired for Hercules N600 ®  , 
Kap ton ®  , and M y l a r ®  could have been compared with that reported by 
Dodd, ^  al. (1976) and Otten, ejt al. (1976). However, an error was 
discovered in their calculations (Porter, 1977). Therefore the latter 
calculations were corrected and the resulting data corroborated the 
findings of the present investigation. Moreover Dodd, je^ a^. (1976)
23
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investigated Hercules N400 ®  , which is a polyethylene-polypropylene 
copolymer with 4% ethylene, but has the same atomic number, atomic 
weight and mean excitation energy as Hercules N600 ®  . Otten, et al.
(1976) investigated, along with Mylar ®  and Kap ton ®  , M e l i n e x ®  , 
which is chemically identical to Mylar ® b u t  made by a different company.
As data was geing gathered two questions were posed. The first 
was related to reproducibility of data and the second was one mentioned 
by Chen and Warshaw (1951).
Chen and Warshaw (1951) questioned whether the edge effect of foils—  
an effect which produces large distortion of a spectrum by inclusion of 
edge energy losses —  was causing measurements of stopping power to be 
higher than if only the energy losses from the center of the foil were 
measured. This effect would be greatest at lower energies by virtue of 
the increased probability of large angle electron scattering at these 
energies. The problem was attacked in the following manner. A baffle 
(see Fig. 3) which would leave the center of the target exposed but 
block the edges, and thus cut the area exposed to the source by about half, 
was placed over the radioactive source. This adjustment voided the target 
edge effects. Measurements were made for the low energy source (^^*Ce) 
and the edge effect was found to be less than 1 %, well within the uncer­
tainty of the experiment.
Reproducibility was checked periodically throughout the experiment. 
Reproducibility was not tested for all targets but was tested for 
electrons from every source in every material. A  deviation of less than 
IZ was found, well within experimental uncertainty.
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FIGURE 3
DIAGRAM OF EDGE EFFECT TEST SETUP
1̂ :  I, I b CrfI- ? TOP
S o u r c e Baffle
SIDE
Baffle & 
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Another problem arose with the Trycite ®  targets. The problem 
was one of an inability to attain flat targets. The effect was noted 
to be a cosine effect and a deviation of 5 degrees from flatness was 
estimated by direct viewing. Although this problem is not insignificant 
for the areal density, it is a small effect compared to the AT uncer­
tainty and therefore is considered to be a second order effect since AT 
is the dominant term in the uncertainty of stopping power. No correction 
for the deviation from flatness was introduced into stopping power cal­
culations.
The principal uncertainty in the data centered around determination 
of the centroid location. The choices were somewhat arbitrary a check 
was made. In Figure 4 the most probable locations for start and end 
are marked A and B, respectively. Now the starting point could be shifted 
to C or D and the end point shifted to E or F. By doing this a slight 
shift is noted in the centroid value, w. Another problem in calculating 
the centroid was in deciding the background level. One could take the 
normal radiation background from the source to be uniform and calculate 
w, or one could choose a sloping background as shown in Figure 4 and then 
calculate w. This alteration in assumed background also produces a shift 
in 0). The largest shift induced by these tests was used in the calcula­
tions of the uncertainty in AT.
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TABLE IV-B
EXPERIMENTAL DATA FOR TRYCITE
5'
3 O
T (keV) m/A(mgm/cm^) a t (keV) T,(keV) Sn(MeV- crn^f pjn) PLR S(McV-cm^/gm)±AT
1 1 2 . 8 3 . 2 6 13.2 1 1 9 . 4 4.06 1 . 0 1 2 4.01+1.65
1 0 1 . 0 6 . 6 9 25.0 113.5 3. 74 1.026 3.64+.40
356.0 6 . 6 9 8 . 0 360.0 1.19 1.005 1.18±.09
345.8 1 3 . 3 9 1 8 . 2 354.9 1 . 3 6 1 . 0 1 0 1.35+.06
322.8 20.08 41.2 3 4 3 . 4 2.05 1.015 2.021.05
2 8 4 . 9 30.12 79.1 3 2 4 . 4 2 . 6 3 1.023 2 . 5 7 1 . 1 2
271.5 4 0 . 1 6 92.5 317.7 2.30 1.031 2.241.04
602.7 2 0 . 0 8 21.3 6 1 3 . 4 1 . 0 6 1.006 1.061.05
578.1 30.12 45.9 601.1 1.52 1.009 1.511.20
5 6 6 . 2 40.16 57.8 595.1 1 . 4 4 1.013 1.421.08
542.1 4 6 . 8 6 81.9 583.0 1.75 1.015 1.721.19
520.4 53.55 103.6 572.2 1.93 1 . 0 1 7 1.901.12
485.7 6 6 . 9 4 138.3 5 5 4 . 8 2.07 1 . 0 2 1 2 . 0 2 1 . 0 4
905.1 53.52 70.9 9 4 0 . 5 1 . 3 2 1.008 1.311.18 VO
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CHAPTER V I I
CONCLUSIONS
The energy loss data generally agrees with Bethe-Bloch theory, 
except when the energy loss was less than 2 0 % of the source energy.
The aluminum data seemed to be in full agreement with previous works 
(Hara, 1968 and Kalil, ad., 1959). The other target materials 
seemed to agree with the theory except in the case of Hercules N600 ,
which yielded stopping powers consistently below theoretical calcu­
lations. However, when energy losses were 20% or more for the Hercules 
N 6 0 0 ®  , stopping powers were within one standard deviation of Bethe- 
Bloch theory. Therefore, in general it was thought that experimental 
data seemed to corroborate the Bethe-Bloch theory. An exception was 
Hercules N 6 0 0 ®  material, for which measurements lay considerably lower 
than calculated values over the entire energy interval —  a result 
which remains as yet inexplicable.
40
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APPENDIX II
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w vs. i derivation
n = p/m^c = = C*i
where C* is a constant 
1  is current 
e = 1.60 X 10-19 coul. 
r = effective radius and 
B = magnetic flux density
Now
w = - 1  where o) = T/m^c^
therefore
w = j ( c * i ) 2 " n 7  - 1
C* is an unknown constant. It was found by taking the average current 
for unretarded ^°^Bi peaks, where n - w giving C* an average value of 
(3.505 ± .001) amps“ l.
Therefore
 _________   7= ^3.5051)2 - 1
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PLR derivation 52
If all electrons are considered irrespective of their displacement 
or angle of emergence, the average increase in path length, A, is 
A = t^/w^
where t is thickness of target material and is a dimensionless para­
meter defined by 
= 4t/k 9^>
Here <0 > is the mean squared scattering angle, which has been calculated
by Ritchie, ejt £l. (1968);
 ̂ 1.
= ------ =---------- ^  [In + In 1.76 - (1 + - ^ )  ]
,2 ^ _ ^^Nat^r^Z(Z+l)p ^_g2 137$_____  . ,_ ,
where p = mass density of the target 
Na = Avagadro's number, 
r^ = 7.904030 x 10”^^ cm^,
Z = Atomic number of target,
A = atomic weight, and 
B = v/c 
Then A = t<6^>/4, and
i l g - a n
Now if only the particles which leave the absorber nearly perpendicularly 
were detected, which was the case in this investigation, then PLR becomes 
PLR = 1 + I/3t 
as shown by Yang (1951).
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Sample Calculation
m  = 30.333 mgm Area = A = 1.2975 cm^
Areal density = m/A = 23.376 x 1 0 ”^ gm/cm^
Now every current of the peak must be converted to a corresponding 
electron energy parameter, O), where
to =  \ y ( c * i ) ^ + l '  -  1 
Then a centroid value is found which gives 
to =  . 6 3 0
T = .630 X 510.956 keV = 322 keV
AT = Tg^^^gg - T = (364 - 322) keV - 42 keV
Tc = - AT/2 . 343 keV
Now
AT 42 keV MeV-cm^S = -- —  =    _ = i. oU
° m/A 23.38 x 1 0 "^ gm/cm^
Then we calculate PLR 
PLR = 1 + A/3t
_  27tN r ^ p t  ,_„2 , 0 7 0  o2
A/3t = --- !=-----  Z(Z+1) [In (-1 /^ - - - Ï7 7 + In 1.76 - (1+-^)]3A g4 2,l/3^_g2)l/2 4
j n .  = « ( u )  [in
- (1 + 8
A/3t = .045
PLR = 14-, 045 = 1.045
S = S-/PLR = A i ^ O —  = 1  72  M.gy~gni^
° 1.045 ' ge
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